A temperature-sensitive Escherichia coli mutant defective for the ability to utilize L-asparagine as a sole nitrogen source was isolated after N-methyl-N'-nitro-N-nitrosoguanidine mutagenesis.
INTRODUCTION
Escherichia coli can use L-asparagine as a sole nitrogen source by utilizing an enzyme, L- asparaginase (EC 3.5.1 . l), that catalyses the hydrolysis of L-asparagine to L-aspartic acid and ammonia. E. coli produces two such enzymes: the first, cytoplasmic L-asparaginase I ( K , = 3.5 mM), is produced constitutively, and is the enzyme responsible for the ability of the cell to use asparagine as a nitrogen source; the second, periplasmic L-asparaginase I1 ( K , = 10 p~), is produced mainly during anaerobiosis in the presence of high levels of amino acids and is subject to catabolite repression (Schwartz et al., 1966; Campbell et a/., 1967; Cedar & Schwartz, 1967 , 1968 Willis & Woolfolk, 1974; . No data exist as to the ability of this latter enzyme to support the growth of E. coli with asparagine as a sole nitrogen source due to the fact that the enzyme is not produced when the cells are grown in minimal medium containing only a carbon source and asparagine.
We recently reported the isolation of a mutant E. coli strain defective in the production of Lasparaginase I (Del Casale et al., 1983) . Strains containing this mutation (ansA) produce no Lasparaginase activity when grown under conditions non-permissive for L-asparaginase I1 production, and thus cannot utilize asparagine as a sole nitrogen source. It is not yet known whether ansA represents the structural gene or a control element for L-asparaginase I. In order to analyse the genetic system that allows E. coli to utilize L-asparagine, we undertook the isolation of temperature-sensitive mutants unable to grow on asparagine as a sole nitrogen source. We report here on the isolation, mapping and initial characterization of one such mutant, asu, that affects neither the activity nor production of L-asparaginase I and which therefore represents a new genetic component of the asparagine utilization system. 
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Bacterial strains. The E. coli strains used are listed in Table 1 . Media. Luria broth (LB), tryptone agar, 0 minimal (OM) agar, OM liquid medium, saline diluent and sodium borate buffer have been previously described (Scott, 1974; Chesney & Scott, 1978; Chesney & Adler, 1982; Del Casale et al., 1983) . L-Asparagine and sodium aspartate, when used as sole nitrogen sources, were added to a concentration of 5 mM. Thiamine/HCl (2 pg ml-l) was added to all minimal media; other supplement concentrations are as noted in the text. L-Asparagine, sodium aspartate, N-methyl-N'-nitro-N-nitrosoguanidine (NNG) , sodium penicillin G, kanamycin sulphate, chloramphenicol and tetracycline/HCl were obtained from Sigma.
Mutant isolation. E. coli HB94 was mutagenized with 50 pg NNG ml-' for 20 min (Miller, 1972) . The cells were then subjected to two rounds of penicillin enrichment as follows. The mutagenized cells were grown overnight at 30 "C in OM liquid medium supplemented with 0.4% glucose and 5 mM-L-asparagine. This was used to start a culture growing in the same medium at 30 "C. At a density of approximately 1 x lo8 cells ml-', the culture was shifted to 42 "C and, after a fourfold mass increase, sodium penicillin was added to 10000 U ml-I. After lysis the cells were washed, resuspended in the same medium and grown overnight at 30 "C. The entire process was then repeated. The cells were plated on OM agar containing 0.4% glucose and 5 mM-L-aSparagine, incubated for 2 d at 30 "C and then replica-plated to the same medium at 42 "C. Methionine (20 pg ml-I) was added to all minimal media during enrichment and screening in order to increase growth efficiency since methionine synthesis in E. coli is somewhat temperature-sensitive (Ron & Davis, 1971 ; Ron & Shani, 1971) .
Growth rate determination. Cultures grown overnight at 34°C in OM liquid medium containing either Lasparagine or sodium aspartate as the nitrogen source were diluted into the same medium, grown to exponential phase and divided four ways for growth at 34 "C or 41 "C, with or without methionine. Growth was monitored at 550 nm using a Gilford model 240 spectrophotometer (Gilford Instrument Laboratories, Orberlin, Ohio, USA); doubling times were determined from the exponential portions of the growth curves.
F mapping. E. coli strain DV942 (asu) was mated with each of 19 F' strains whose F' plasmids together cover the entire genome of E. coli [obtained from the E. coli Genetic Stock Center (CGSC), Yale University, New Haven, Con., USA]. F' donor strains were grown overnight at 37 "C without shaking in minimal medium selective for plasmid maintenance. These were diluted fourfold into LB and grown without shaking at 37 "C for 1 h. A sample (1 ml) of each donor was mixed with an equal volume of exponential phase DV942 (2 x 1 O8 cells ml-l, grown with Isolation and characterization of asu 208 1 shaking at 37 "C in LB) in a test tube, and the mixtures were incubated for 1 h without shaking at 34 "C. The cells were then centrifuged, washed twice with saline and plated at several dilutions on OM agar selective for mu+ (see below) and counterselective for each F' strain. Plates were incubated at 42 "C for 2 d before they were scored for the appearance of mu+ colonies. Transductional analysis. Transductions were performed with P 1 cir as previously described (Chesney & Scott, 1978 ; Del Casale et d., 1983). Drug resistance markers were selected on tryptone plates containing the appropriate antibiotic (20 pg ml-I). Plating of drug resistant transductants was delayed for 2 h after transduction in order to allow expression of the resistance gene. manA+ transductants were selected on OM plates containing 0.4% mannose as the sole carbon source. uroD+ transductants were selected on OM which lacked aromatic amino acids. Cotransduction of asu was scored by replica plating to OM containing 0.4% glucose, 5 mwasparagine and 20 pg methionine ml-I, followed by overnight incubation at 42 "C. Derermination ofL-asparaginuse acticiry. Cells grown aerobically in OM liquid medium containing 0.4% glucose and the appropriate nitrogen source were centrifuged, washed twice in saline, frozen, thawed, resuspended in 0.1 M-sodium borate buffer and sonicated at 40 W on ice for a total of 80 s (4 x 20 s bursts) using a Branson Model W185 Sonifier (Branson Sonic Power, Danbury, Conn., USA) with a microtip. L-Asparaginase activity in the cleared sonic lysates was determined with Nessler's reagent as previously described (Kafkewitz & Goodman, 1974) .
R E S U L T S AND DISCUSSION
Isolation o j asu E. coli HB94 was mutagenized with N N G (50 pg ml-l) and penicillin enrichment was carried out in such a way as to select for temperature-sensitive growth in medium containing Lasparagine as the sole nitrogen source (see Methods). This was done in order to allow for the possible isolation of a temperature-sensitive ansA mutant, since such a mutant would allow us to demonstrate whether or not ansA represents the structural gene for L-asparaginase I . No ansA mutant was found, but one mutant (DV941) was isolated which had the desired phenotype; while the parent strain grew well at all temperatures regardless of whether the nitrogen source was ammonia, aspartate or asparagine, DV94 1 was temperature-sensitive for growth on asparagine. Its temperature-sensitivity was exacerbated when methionine was added to the asparagine agar : with methionine absent, growth of DV941 at 42 "C on asparagine was weak but present; when methionine was added, no growth occured. This effect was manifested by methionine concentrations ranging from 1 to 100 pg m1-l. Methionine did not affect the growth of DV941 on either ammonia or aspartate at 42 "C.
In order to assess more accurately the effects of temperature and methionine on the ability of DV941 to utilize asparagine, the doubling times of HB94 and DV941 were determined under various conditions in liquid OM medium (Table 2) . Two conclusions may be drawn from these data.
(1) The temperature-sensitivity of DV941 was greatly exacerbated by the presence of methionine; at 41 "C in the absence of methionine the mutant strain grew about as well as its Table 2 . Doubling times oJ'HB94 and DV941 in liquid medium Growth curves were determined in OM liquid medium containing 0.4% glucose with either 5 mMsodium aspartate (Asp) or 5 mwasparagine (Asn). Methionine (Met), when present, was added to a concentration of40 pg ml-I. Cell density was measured at ODs5,. All growth curves were run at least twice. The doubling times given are from representative experiments, except for the critical results (marked with asterisks and mentioned in the text), for which the experiments were run three times and the times given represent the means of the two best curves. Table 2) . Growth of DV941 at 41 "C in the presence of methionine did not cease immediately upon shift-up, but continued for at least two doublings (data not shown). Furthermore, the defect was reversible; growth could resume after a shift-down to the permissive temperature following overnight shaking at 41 "C. (2) DV941 grew three to four times faster in asparagine at 34 "C than the parent strain ( Table 2) . The presence or absence of methionine at this temperature had no effect. The mutation thus appears to enhance the utilization of asparagine at the permissive temperature. This was confirmed with another pair of strains, RC1102 and RC1103 (asu) (data not shown).
To determine whether any other amino acids exerted the same effect as methionine, several others were tested for their effect on the ability of DV941 to grow on OM asparagine plates at 42 "C. Of those tested only alanine had the same effect as methionine. This is a somewhat surprising finding considering that methionine (R = CH2-CH2-S-CH3) and alanine (R = CH3) are structurally quite dissimilar and have no known interconversion pathway (Umbarger, 1978) .
Because of the similarity of glutamine to asparagine, we tested DV941 for its ability to utilize 5 mlur-glutamine as a sole nitrogen source. No differences in glutamine utilization were observed between DV941 and HB94 with regard to temperature or methionine sensitivity. The mutation was therefore dubbed asu since only asparagine utilization was affected.
Mapping of asu Conjugational analysis. A set of 19 F' strains whose plasmids cover the entire chromosome of E. coli were mated with DV942 (asu Strr), as described in Methods, in order to determine the general location of the mutation. One donor strain, JE5550, which carries F506, complemented asu, indicating that the mutation is located within the region covered by F506, which is approximately 32 to 38 min on the E. coli map. The mutation asu does not, therefore, represent the same gene as ansA, which maps at 39 min (Del Casale et al., 1983) and which is not complemented by F506.
Transductional analysis. To determine the position of asu more accurately we measured its cotransduction frequencies with other markers within the region indicated by the F' analysis. Genetic markers located in the region covered by F506 are shown in Fig. 1 . Since this region of the map contains relatively few established markers, being within a 'cotransduction gap' (Bachmann, 1983) , we made use of several transposon insertions that had been mapped in the George & Levy, 1983) . The cotransduction data (Table 3) , especially the three-point cross between PLK1241 (zdd-230: : Tn9) and RCllO3 (asu zdc-235 : : TnZO), indicate that asu maps between zdd-230 : : Tn9 (Cmr) and zdc-235 : : TnlO (Tet') and that asu and zdc-235, which cotransduce at approximately 85%, are 0.1 to 0.2 min apart (Wu, 1966) . The mutation asu, therefore, maps at 32.4 min on the E. coli map (Fig. 1) . It thus represents a new locus in the 'cotransduction gap', one of several to be mapped into this area recently (Skinner & Cooper, 1982 ; George & Levy, 1983) .
suggesting that this trait is due to a single point mutation. Analysis of a number of these revertants, unfortunately, yielded a variety of phenotypes (some equivalent to the wild-type) with respect to growth at low temperature, suggesting the presence of a number of pseudorevertants. This made it difficult to ascertain whether both the high and low temperature phenotypes expressed by asu strains were due to a single mutation. We therefore attempted to determine whether the two phenotypes could be separated via transduction: DV942 asu was transduced to tetracycline resistance from DV945 (zdc-235 mu+) and the transductants were screened for temperature sensitivity or resistance and for growth at 30 "C on asparagine plates containing methionine. In all, 132 colonies were screened. The results showed that all colonies (1 13) that had been cotransduced to temperature-resistance (am+) had concomitantly lost the ability to grow rapidly on asparagine at low temperature, while all colonies (19) that had retained the temperature-sensitive (asu) allele had also retained this ability. This failure to detect segregation (<043%) of the two phenotypes strongly suggests that both result from a single mutation, although we cannot completely exclude the possibility that they result from two closely linked mutations.
We have determined the reversion frequency of asu to temperature resistance to be 4 x L-Asparaginase I production by D V941 asu To determine whether asu affected the activity of L-asparaginase I, HB94 and DV941 were grown to stationary phase at 34 "C in OM liquid containing 0.4% glucose and 0.1 % (NH4)*S04
(conditions that are non-permissive for the production of L-asparaginase 11), and cleared sonic lysates were prepared. These lysates were then assayed at 30"C, 42°C and at 42°C in the presence of methionine. The enzyme activities obtained from both HB94 and DV941 increased significantly with the increase in temperature, and the addition of methionine had at most a minimal effect on activity ( Table 4) . We therefore concluded that since DV941 does not produce a temperature-sensitive L-asparaginase I, asu does not represent the structural gene for this enzyme.
To determine whether asu affected the production of L-asparaginase I rather than the enzyme itself, HB94 and DV941 were grown under a variety of conditions, all non-permissive for Lasparaginase I1 production, in order to test for the effects of both temperature and methionine on enzyme production. The two strains yielded similar patterns of enzyme activity in response to growth conditions, indicating that enzyme production was not affected by the mutation (Table  5) . The experiments were repeated with asparagine as the nitrogen source (as opposed to ammonia, which was used in the experiments shown in Table 5 ) to eliminate the possibility that asu affects enzyme levels under these conditions. (Since DV941 stops growing at 41 "C in the presence of methionine, all cultures were harvested about 1 h after the growth of DV941 had ceased.) The results under these conditions were as before : HB94 and DV941 yielded similar amounts of enzyme activity (data not shown). The mutation therefore affects neither the thermo-stability of L-asparaginase I nor its production, indicating that asu represents a new genetic component of the asparagine utilization system. Preliminary evidence suggests that asu may represent a mutation in the asparagine uptake system. The nature of this evidence is as follows. E. coli has been previously determined to have a two-component asparagine uptake system : a high-efficiency component ( K , = 3.5 p~) and a low-efficiency component ( K , = >80 p~). The former component was found to be either repressed or inactivated at asparagine concentrations greater than 1 mM and it was therefore concluded that the low-efficiency system alone allows the utilization of 5 mmasparagine as a nitrogen source (Willis & Woolfolk, 1975) . If asu represents a transport mutation, it should lie in the low-efficiency component since it affects asparagine utilization at a concentration of 5 mM. We therefore decided to test DV941 for the ability to utilize asparagine under conditions in which the high-efficiency uptake component should be active. HB94 and DV941 were plated on OM plates containing methionine and either 5 mM or 0.75 mwasparagine and the plates were incubated at either 30 "C or 42 "C. HB94, as expected, grew on the 5 mwasparagine at both temperatures ; on 0.75 mwasparagine it grew weakly (since much less nitrogen was available) but, again, equally well at both temperatures. DV941, also as expected, grew on the 5 mMasparagine only at 30°C. However, on the 0.75 mwasparagine it grew as well at both temperatures as HB94, suggesting the possibility that activation of the high-efficiency asparagine uptake component allowed the Asu-strain to utilize the available asparagine at high temperature in the presence of methionine. Asparagine uptake experiments are being planned to test this possibility and to determine the nature of the methionine effect.
We do not as yet know why the isolation of temperature-sensitive ansA mutants has proven so refractory; neither this study nor an analysis of Ans+ revertants from the original ansA strains has produced any. One possible explanation for this failure may simply be that ansA represents not the structural gene for L-asparaginase I but a gene controlling its synthesis. If this is true, however, one must then wonder why extensive screening failed to yield any mutants in the structural gene. Interestingly, a study involving the isolation of Saccharomyces cerevisiae Lasparaginase I1 mutants similarly failed to yield temperature-sensitive mutants despite intensive efforts (Kim & Roon, 1984) . Whether this might have significance with regard to the structure of L-asparaginases in general, or whether it is merely coincidence, cannot yet be determined. 
